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PREFACE 
The work d e s c r i b e d  h e r e i n  was performed by t h e  C o n t r o l  and Energy 
Conversion D i v i s i o n  of  t h e  J e t  P r o p u l s i o n  Laborahory.  
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a i n v e r s e  of  t h e  s p e c i f i c  s u r f a c e  a r e a  o f  p a r t i c l e s  i n  f l u i d i z e d  
beds ,  cm 
, C c o n c e n t r a t i o n  o f  g a s  phase,  g m o l e / c d  
Ch c o n c e n t r a t i o n  of  atomic hydrogen, g mole/cm3 
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Csi c o n c e n t r a t i o n  o f  s i l a n e  a t  t h e  s u b s t r a t e  s u r f a c e ,  g mole/cm3 
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ABSTRACT 
The f o u r  b a s i c  e lements  i n  t h e  chemical  vapor d e p o s i t i o n  (CVD) 
o f  s i l i c o n  from s i l a n e  a r e  meas t r a n s p o r t  o f  s i l a n e ,  p y r o l y s i s  of  s i l a n e ,  
nucleatLon of s i l i c o n  and s i l i c o n  c r y s t a l  growth.  These f o u r  e lements  
a r e  s i x i l y t i c a l l y  t r e a t e d  from a k i n e t i c  s t a n d p o i n t .  Rate e x p r e s s i o n s  
t h a c  d e s c r i b e  t h e  v a r i o u s  conce ivab le  s t e p s  invo lved  i n  t h e  chemical  
vapor d e p o s i t i o n  of  s i l i c o n  are der ived  from e lementa ry  p r i n c i p l e s .  
A p p l i c a t i o n s  of  t h e  r a t e  e x p r e s s i o n s  f o r  ( 1 )  modeling and t h e  s i m u l a t i o n  
o f  t h e  s i l i c o n  C\?D p r o c e s s  and ( 2 )  t h e  a n a l y s i s  o f  exper imenta l  d a t a  
on s i l i c o n  CVD a r e  d i s c u s s e d .  The l a c k  of  an  e x p e r i m e n t a l l y  e s t a b l i s h e d  
mechanism o f  t h e  s i l i c o n  CVD p r o c e s s  and e s t a b l i s h e d  v a l u e s  f o r  var-  
i o u s  c o n s t a n t s  invo lved  i n  t h e  r a t e  e x p r e s s i o n s  i s  t h e  major impediment 
t o  t h e  modeling of  t h e  CVD p rocess .  Exper imenta l  d a t a  a r e  needed t o  
determine t h e  e q u i l i b r i u m  a d s o r p t i o n  c o e f f i c i e n t s  f o r  s i l a n e ,  hydrogen 
and s i l i c o n  vapor and t h e  7 . t i v a t i o n  e n e r g i e s  and f requency f a c t o r s  
f o r  t h e  v a r i o u s  r a t e  proce  -es invo lved  i n  t h e  s i l i c o n  CVD. 
v i i i  
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SECTION I 
INTRODUCTION 
The Low-Cost S i l i c o n  S o l a r  Array (LSSA) p r o j e c t  spcnsored  a t  JPL 
by ERDA h a s  t h e  r e s p o n s i b i l i t y  f o r  deve lop ing  t h e  t echno logy  and t h e  
p roduc t ion  c a p a b i l i t y  f o r  economical ly  p r a c t i c a l  s o l a r  p h o t o v o l t a i c  
e l e c t r i c i t y  g e n e r a t i n g  p l a n t s .  The o b j e c t i v e  i s  t h e  achievement o f  a  
g e n e r a t i n g  c a p a c i t y  of  500 megawatts peak a t  a c o s t  o f  $500 p e r  kW by 
1985. The program o f  LSSA is  d i v i d e d  i n t o  f o u r  t echno logy  t a s k s ,  each 
o f  which h a s  t h e  r e s p o n s i b i l i t y  f o r  advan2ing a p a r t i c u l a r  t e c h n i c a l  
a r e a  s o  a s  t o  a c h i e v e  t h e  p roduc t ion  and c o s t  g o a l s .  'I'he f i r s t  o f  
t h e s e  t a s k s  is t h e  S i l i c o n  M a t e r i a l  Task,  f o r  which t h e  1986 o b j e c t i v e  
i s  t o  r e d u c e  t h e  p r i c e  o f  S i  m a t e r i a l ,  s u i t a b l e  for- t h e  f a b r i c a t i o n  
of  s o l a r  c e l l s  having s a t i s f a c t o r y  performance,  from t h e  p r e s e n t  p r i c e  
of  about  $65/kg ( f o r  semiconductor g r a d e  S i )  t o  l e s s  t h a n  $10/kg. 
To a c h i e v e  t h e  p r i c e  o b j e c t i v e  of  t h c  S i  M a t e r i a l  Task,  new area,5 
of  chemical  p rocess ing  and s o l a r  c e l l  technology must be  s t u d i e d  and 
developed,  s i n c e  no m o d i f i c a t i o n  o f  t h e  b a s i c  p r o c e s s e s  p r e s e n t l y  used 
commercial ly w i l l  l e a d  t o  t h e  a t t a i n m e n t  o f  t h e  $10/kg p r i c e .  The 
i n a b i l i t y  of  t h e   resent commercial p rocess  t o  meet t h e  t a s k  o b j e c t i v e  
i s  r e v e a l e d  from a  c o n s i d e r a t i o n  o f  t h e  f e a t u r e s  o f  t h i s  p rocess .  
The f i r s t  s t e p  is  t h e  r e a c t i o n  ?f m e t a l l u r g i c a l  g r a d e  S i ,  having a 
p u r i t y  o f  about  98.55, w i t h  HCX i n  a f l u i d i z e d  bed r e a c t o r  t o  y i e l d  
t h e  i n t e r m e d i a t e  SiHC13 i n  a mix tu re  o f  a h l o r i n a t e d  s i l a n e s .  A f t e r  
chemical  t r e a t m e n t  and f r a c t i o n a l  d i s t i l l a t i o n  t o  o b t a i n  v e r y  pure  
SiHC13, semiconductor g rade  S i  is produced by chemical  vapor d e p o s i t i o n  
r e s u l t i n g  from t h e  H2 r e d u c t i o n  o f  SiHCJ-3. T h i s  p r o c e s s  t o  produce 
ex t remely  pure  S i  i s  c o s t l y  and energy- in tens ive ,  t h e  f i n a l  d e p o s i t i o n  
consuming-an es t ima ted  385 kWh/kg S i  product .  
S e v e r a l  d i f f e r e n t  chemical  p r o c e s s e s  are be ing  i n v e s t i g a t e d  under 
JPL c o n t r a c t s  i n  t h e  t a s k  program. A c o n t r a c t  w i t h  Union Carbide  i n v o l v e s  
t h e  hydrogenat ion of Sic14 t o  SiHC13 i n  a  f l u i d i z e d  bed as w e l l  a s  
a p rocess  f o r  t h e  d e p o s i t i o n  of  S i  from SiH4 i n  a n o t h e r  f l u i d i z e d  bed. 
To s u p p o r t  t h e  developments i n  s i l i c o n  p r o d u c t i o n ,  t h e  t a s k  program 
inc ludeq  a n  in-house JPL s u b t a s k  f o r  s u p p o r t i n g  s t u d i e s  o f  s i l i c o n  pro- 
d u c t i o n  as w e l l  a s  a  s u b t a s k  f o r  c o n s u l t a t i o n  i n  t h i s  a r e a  by P r o f e s s o r s  
0 .  Levensp ie l  and T. F i t z g e r a l d  of Oregon S t a t e  U n i v e r s i t y .  The in-house 
program c o n s i s t s  of  e f f o r t s  i n  modeling o f  t h e  d e p o s i t i o n  of  S i  i n  a  
f l u i d i z e d  bed r e a c t o r ,  exper imenta l  s t u d i e s  o f  Sin4 p y r o l y s i s  and f i n e  
p a r t i c l e  f l u i d i z a t i o n ,  and thermodynamic and chemical  e n g i n e e r i n g  a n a l y s i s  
o f  t h e  r e a c t i o n s  i n  t h e  f l u i d i z e d  p r o c e s s  f o r  s i l i c o n  p roduc t ion .  
The i n i t i a l  phase of  t h e  e f f o r t  i n  a n a l y s i s  o f  s i l i c o n  chemical  vapor 
d e p o s i t i o n  i s  desc r ibed  i n  t h i s  r e p o r t .  
The f i n i t e  amount of  a v a i l a b l e  f o s s i l  f u e l s  and t h e  c o n t i n u a l l y  
i n c r e a s i n g  energy requirements  of  mankind d i c t a t e  t h e  need f o r  t h e  
development of a l t e r n a t e  energy s o u r c e s .  S o l a r  energy is  one energy 
source  t h a t  is  abundant ly  a v a i l a b l e  and can be  ha rnessed  by s i l i c o n  
s o l a r  c e l l s  t o  g e n e r a t e  e l e c t r i c  power. The p roduc t ion  o f  p o l y c r y s t a l l i n e  
s i l i c o n  by t h e  pyraolys is  o f  s i l a n e  is a promising method f o r  r educ ing  
t h e  present-day h igh  c o s t  o f  s i l i c o n  m a t e r i a l  s u i t a b l e  f o r  s i l i c o n  
c e l l s .  Although t h e  p y r o l y s i s  o f  s i l a n e  has  been e x t e n s i v e l y  s t u d i e d  
i n  connec t ion  w i t h  e p i t a x i a l  growth o f  s i n q l e - c r y s t a l  s i l i c o n  f i l m s ,  
t h e  mechanisms o f  si l!con d e p o s i t i o n  i n  f l u i d i z e d  bed and f r e e  space  
r e a c t o r s  a r e  l i t t l e  unders tood.  The d e p o s i t i o n  p rocess  c o n s i s t s  o f  
s e v e r a l  physical .  and chemical  s t e p s .  The c o n t r o l l i n g  s t e p  w i l l  depend 
on t h e  r e a c t o r  t empera tu re  and s i l a n e  c o n c e n t r a t i o n .  It i s  t h e  purpose 
. o f  t h i s  paper  t o  e s t a b l i s h  t h e  thermodynamic f e a s i b i l i t y  o f  t h e  o v e r a l l  
p y r o l y s i s  r e a c t i o n  and t o  develop r a t e  e x p r e s s i o n s  f o r  t h e  v a r i o u s  
i n d i v i d u a l  s t e p s  of  t h e  d e p o s i t i o n  p rocess .  Rate  e x p r e s s i o n s  f o r  t h e  
heterogeneous  r e a c t i o n  k i n e t i c s  o f  s i l a n e  p y r o l y s i s  w i l l  be developed 
, . i n  t h e  f a s h i o n  o f  Hougen and Watson's t r e a t m e n t  o f  Langmuirs-Hinschelwood 
theory .  E x c e l l e n t  accoun t s  o f  t h i s  t y p e  o f  a n a l y s i s  can b e  found i n  
Hougen and Watson (Reference  1-11 and Smith ( ~ e f e r e n c e  1-21. H i r t h  
and Pound (Refe rence  1-31 and Powell  e t  a l .  (Reference  1-41 a r e  t h e  
r e f e r e n c e s  used most i n  developing t h e  k i n e t i c  e x p r e s s i o n s  f o r  n u c l e a t i o n  
and growth o f  s i l i c o n  c r y s t a l s .  
Exper imenta l  d a t a  on t h e  p y r o l y s i s  o f  s i l a n e  have been r e p o r t e d  
by many i n v e s t i g a t o r s  ( R  'ences 1-5 through 7-91 u s u a l l y  i n  t h e  form 
of  Ar rhen ius  e q u a t i o n s .  ~ - - ~ ~ e t i c  parameters  ( a c t i v a t i o n  energy and 
f requency f a c t o r )  a r e  s t u d i e d  f o r  t h e  c a l c u l a t i o n  o f  t h e  s p e c i f i c  r e a c t i o n  
r a t s  c o n s t a n t s  f o r  t h e  convers ion o f  s i l a n e  o r  growth r a t e  o f  s i l i c o n  
c r y s 5 a l s .  D i f f e r e n t  exper imenta l  c o n d i t i o n s  ( t e m p e r a t u r e ,  p r e s s u r e ,  
c o n c e n t r a t i o n s ,  f low r a t e s ,  and r e a c t o r  geometry) have been used,  and 
hence d i f f e r e n t  o v e r a l l  k i n e t i c  c o n s t a n t s  f o r  t h e  p y r o l y s i s  o f  s i l a n e  
have been r e p o r t e d .  These d i f f e r e n c e s  a r e  g e n e r a l l y  a t t r i b u t e d  t o  
t h e  d i f f e r e n c e s  i n  t h e  mechanisms o f  t h e  CVD p r o c e s s  under d i f f e r e n t  
exper imenta l  c o n d i t i o n s ,  a l though  t h e  e x a c t  mechanism h a s  never  been 
proved. 
Experiment-a1 evidence l e a d s  t o  some g e n e r a l  c c n c l u s i o n s  about 
s i l a n e  p y r o l y s i s :  t h e  r e a c t i o n  is predominantly homogeneous a t  low 
tempera tu res  (300-500°C) and is  predominantly heterogeneous  a t  h i g h e r  
t empera tu res  (500-1200°C). The heterogeneous  rea.ct ion i s  a  d i f f u s i o n  
l i m i t e d  p r o c e s s  above 1 0 0 0 ~ ~ .  The c r y s t a l  s t r u c t u r e  o f  d e p o s i t e d  s i l i c o n  
i s  a  s t r o n g  f u n c t i o n  of  s u b s t r a t e  te%pe>ature .  I f  t h e  r e a c t i o n  r a t e  
c o n s t a n t s  and e x p r e s s t o n s  a r e  k n o m  f o r  a l l  t h e  i n d i v i d u a l  s t e p s  i n  
a l l  p o s s i b l e  mechanism seq_wnces,  it w i l l  be i n v a l u a b l e  i n  t h e  c a l c u l a t i o n  
of  t h e  o v e r a l l  eonvers-ion o r  growth r a t e  f o r  s p e c i f i e d  exper imenta l  
c o n d i t i o n s .  
Development of  r i g o r o u s  r a t e  e x p r e s s i o n s  i s  t h e  e s s e n t i a l  f i r s t  
s t e p  i n  t h i s  d i r e c t i o n .  I n  t h e  p r e s e n t  a n a l y s i s ,  no assumpt ions  a r e  
made a s  t o  t h e  mechanism o f  t h e  s i l i c o n  CVD p r o c e s s ,  and r a t e  e x p r e s s i o n s  
a r e  d e r i v e d  f o r  eve ry  conce ivab le  e lementary  s t e p  ( w i t h i n  t h e  l i m i t s  
of r e a s o n ) .  It is  hoped t h a t  t h e  p r e s e n t  a n a l y s i s  w i l l  p rov ide  a n a l y t i c a l  
e x p r e s s i o n s  f o r  modeling o f  t h e  s i l i c o n  CVD p rocess  and p rov ide  a  sound 
t h e o r e t i c a l  b a s i s  f o r  f u t u r e  exper imenta l  r e s e a r c h  on s i l i c o n  CVD. 
THERMODYNAMICS Cc SILANE PYROLYSIS 
There a r e  two powerful  t o o l s  i n  thermodynamics f o r  t h e  a n a l y s i s  
o f  any chemical  r e a c t i o n ,  v i z :  t h e  h e a t  o f  r e a c t i o n  and t h e  f r e e  energy 
change f o r  t h e  r e a c t i o n .  These two q u a n t i t a t i v e  measures de te rmine  
t h e  f e a s i b i l i t y  o f  t h e  r e a c t i o n ,  t h e  maximum e x t e n t  of  convers ion and 
energy requ i rements  f o r  t h e  p rocess .  The h e a t  o f  r e a c t i o n  and f r e e  
energy of  r e a c t i o n  can be c a l c u l a t e d  from t h e  h e a t s  of  fo rmat ion  and 
s t a n d a r d  f r e e  e n e r g i e s  of t h e  r e a c t a n t s  and p r o d u c t s  by t h e  fo l lowing  
r e l a t i o n s  : 
hea t  of r e a c t i o n  b H O )  = h e a t  of format ion - h e a t  o f  fo rmat ion  o f  
o f  products  (AH0) r e a c t a n t s  (AH0) 
s tandard  f r e e  s t a n d a r d  f r e e  s t a n d a r d  f r e e  s t a n d a r d  f r e e  
energy o f  = energy of  + energy of  - energy o f  
r e a c t i o n  UFO) s i l i c o n  (AFO) hydrogen (2aF0 ) s i l a n e  ~ F O  ) 
R s ti2 s i  
The r e a c t i o n  e q u i l i b r i u m  c o n s t a n t  can be o b t a i n e d  from t h e  e x p r e s s i o n  
The o v e r a l l  r e a c t i o n  f o r  s i l a n e  p y r o l y s i s  can be w r i t t e n  a s  
The s t a n d a r d  f r e e  energy change, e q u i l i b r i u m  c o n s t a n t  and h e a t  
of  r e a c t i o n  have been c a l c u l a t e d  f o r  t h e  t empera tu re  range 100 - 1600 K 
and a r e  t a b u l a t e d  i n  Table 2-1. A s  can be observed from t h e  d a t a  i n  
Table  2-1, t h e  p y r o l y s i s  of s i l a n e  is exothermic  and thermodynamically 
f e a s i b l e  i n  t h e  t empera tu re  range 100 - 1600 K .  The high va lues  o f  
t h e  e q u i l i h r i u m  c o n s t a n t ,  e s p e c i a l l y  a t  h i g h e r  t e m p e r a t u r e s ,  i n d i c a t e  
a lmost  100% c o n v e r s i o n ,  hence t h e  i r r e v e r s i b l e  n a t u r e  o f  t h e  r e a c t i o n .  
Thus the  thermodynamic a n a l y s i s  has shown t h a t  p y r o l y s i s  o f  s i l a n e  
is an i r r e v e r s i b l e  and exothermic r e a c t i o n .  
Table  2-1. S tandard  Free  Energy Change, Equ i l ib r ium Cons tan t ,  
and Heat o f  React ion 
React ion:  SiH4(g) - S i ( s )  + 2H2(g) 
u n i t s  of f r e e  energy change and h e a t  o f  r e a c t i o n :  ca l /mole  
Temp, K AFgi A Fg a h z  (a;) 1 n K  4; 
Heat o f  fo rmat ion  and f r e e  energy d a t a  a r e  from McBride, Heimel, 
E h l e r s  and Gordon, Thermodvnamic P r o ~ e r t i e s  t o  6 0 0 0 ' ~  f o r  210 
S u b B t a n c e s , I n v o l v i n a  t h e  F i r s t  18 Elements,  NASA SP-3001, 1963. 
SECTION I11 
KINETICS OF SILICON CVD 
The o v e r a l l  chemical  vapor d e p o s i t i o n  p r o c e s s  c o n s i s t s  o f  s e v e r a l  
p h y s i c a l  and chemical  s t e p s .  A l l  t h e  p o s s i b l e  s t e p s  a r e  i l l u s t r a t e d  
i n  Figure  3-1. The e x a c t  p a t h  of  t h e  d e p o s i t i o n  mechanism depends 
on the  t empera tu res  of t h e  vapor phase and s u b s t r a t e  and s i l a n e  
c o n c e n t r a t i o n s .  
The conce ivab le  e lementary  s t e p s *  i n v o l v e d  i n  s i l i c o n  CVD a r e :  
(R1 1 homogeneous p y r o l y s i s  of  s i l a n e  
(R2) homogeneoris n u c l e a t i o n  of  s i l i c o n  vapor 
(R3) mass t r a n s p o r t  of  s i l a n e  g a s  t o  t h e  s u b s t r a t e  s u r f a c e  
( 4 )  mass t r a n s p o r t  o f  hydrogen away from t h e  s u b v t r a t e  s u r f a c e  
(R5) heterogeneous  p y r o l y s i s  of  s i l a n e  adsorbed d i r e c t l y  on n u c l e i  
(Rg) a d s o r p t i o n  of s i l a n e  on s u b s t r a t 3  s u r f a c e  
(R7) a d s o r p t i o n  of s i l i c o n  vapor on s u b s t r a t e  s u ~ f a c e  
(R8) d e s c r p t i o n  of hydrogen from s u b s t r a t e  s u r f a c e  
F igure  3-1. Schematic of  S i l a n e  P y r o l y s i s  
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III:'PEHOCENEOUS N U C I . ~ \ T I O N  
* These a r e  t h e  s t e p s  t h a t  a r e  assumed t o  p r e v a i l ,  as  t h e  exac t  mechanisms 
o f  s i l i c o n  CVD a r e  n o t  known. 
1 
( R g )  he terogeneous  p y r o l y s i s  of  s i l a n e  adsorbed on s u b s t r a t e  
s u r f a c e  
( R I 0  1 heterogeneous  n u c l e a t i o n  of  adsorbed s i l i c o n  
These e lementa ry  s t e p s  can be  c o n v e n i e n t l y  grouped i n t o  s i x  a a t e -  
g o r i e s :  (1)  mass t r a n s p o r t  of  s i l a n e  and hydrogen,  ( 2 )  homogeneous 
~ y r o l y s i s  of  s i l a n e ,  (3 )  homogeneous n u c l e a t i o n  o f  s i l i c o n ,  ( 4 )  h e t e r -  
ogeneous p y r o l y s i s  of s i l a n e ,  :S> keterogeneous  n r c l e a t i o n  o f  s i l i c o n ,  
and ( 6 )  s i l i c o n  c r y s t a l  growtn. The a c t u a l  mechanism o f  s i l i c o n  CVD 
w i l l  c o n s i s t  of t h r e e  o r  more of  t h e s e  s ix  c a t e g o r i e s .  K i n e t i c  r a t e  
e x p r e s s i o n s  f o r  each of t h e s e  s t e p s  w i l l  now be developed.  
SECTION I V  
MASS TRANSPORT 
The d i f f u s i o n  of  t h e  r e a c t a n t  ( s i l a n e )  t o  t h e  s u b s t r a t e  s u r f a c e  
( s t e p  R3) and t h e  d i f f u s i o n  o f  t h e  product  (hydrogen) away from t h e  
s u b s t r a t e  s u r f a c e  ( s t e p  R4) ape  t h e  impor tan t  mass t r a n s p o r t  p r o c e s s e s  
invo lved  i n  t h e  chemical  vapor d e p o s i t i o n  o f  s i l i c o n  from s i l a n e .  
The r a t e s  o f  R3 o r  R4 a r e  no t  independent o f  each o t h e r  and a r e  dependent 
on t h e  s t o i c h i o m e t r y  o f  t h e  p y r o l y s i s  r e a c t i o n .  I n  t h e  absence of 
equil ' ,brium l i m i t a t i o n s ,  d i f f u s i o n  can be t h e  l i m i t i n g  p rocess  i n  t h e  
CVD bf s i l i c o n  a t  h igh  temperatures .  I n  f a c t ,  many i n v e s t i g a t o r s  o f  
s i l i c o n  e p i t a x y  r e p o r t e d  t h e  process  t o  be d i f f u s i o n - l i m i t e d .  I n  such 
i n s t a n c e s  t h e  r e a c t i o n  k i n e t i c s  w i l l  be ext remely f a s t  and t h e  o v e r a l l  
r a t e  of  CVD can be o b t a i n e d  from a  knowledge o f  t h e  mass t r a n s p o r t  
r a t e s .  The r a t e  e x p r e s s i o n s  f o r  mass t r a n s p o r t  i n  f low r e a c t o r s  can 
be w r i t t e n  by u s i n g  t h e  Stephen-Maxwell r e l a t i o n  a s ;  
where N s i  is t h e  f l u x  of  ? i l a n e ,  D i s  t h e  b ina ry  d i f f u s i o n  c o e f f i c i e n t ,  
E t  is t h e  eddy d i f f u s i v i t y  c o e f f i c i e n t ,  C i s  i s  t h e  c o n c e n t r a t i o n  o f  
s i l a n e ,  C is  t h e  c o n c e n t r a t i o n  of  t o t a l  g a s  phase ,  Nh i s  t h e  f l u x  o f  
hydrogen and Z is  t h e  d i f f u s i o n  path  l e n g t h .  Molecular  d i f f u s i o n  is  
accounted f o r  by D ,  and E t  i s  an analogous eddy d i f f u s i v i t y  t o  account  
f o r  mass t r a n s p o r t  by t u r b u l e n t  convect ion.  Eddy d i f f u s i v i t y  is  a  
f u n c t i o n  o f  d i s t a n c e  from t h e  s u r f a c e ,  and t h i s  r e l a t i o n s h i p  is no t  
g e n e r a l l y  known. Thus an  average  c o n s t a n t  eddy d i f f u s i v i t y  c t  i s  used 
f o r  i n t e g r a t i o n  o f  Eq. (1) from bulk s i l a n e  c o n c e n t r a t i o n  (cSb)  t o  
t h e  ~ i l a n e  c o n c e n t r a t i o n  a t  t h e  s u r f a c e  (Csi). The r e s u l t  o f  i n t e g r a t i o n  
is : 
The v a l u e  o f  Z ,  t h e  d i f f u s i o n  path  is  no t  g e n e r a l l y  known and ,  
hence t h e  term 
w i l l  be r ep laced  by one v a r i a b l e ,  Kc, c a l l e d  s mass t r ' a n s f z r  c o e f f i c i e n t .  
Equat ion ( 2 )  can be s impl ied  by d e f i n i n g  NR and 9:  
with LM deno t ing  l o g a r i t h m i c  mean. For s i l a n e  p y r o l y s i s ,  2Nsi = Nh 
by r e a c t i o n  s t o i c h i o m e t r y  and hence NR = -1 and 9 becomes: 
Equation (2 )  can now be reduced t o  a  more f a m i l i a r  form o f  mass t r a n s f e r  
e q u a t i o n s ,  where rm is  t h e  r a t e  o f  mass t r a n s f e r  p e r  u n i t  r e a c t e r  vabume 
and a '  i s  t h e  i n v e r s e  of  t h e  s p e c i f i c  s u r f a c e  a r e a  o f  p a r t i c l e s  i n  t h e  
r e a c t o r .  
But, a s  shown i o  Eq.  (51, 9 is  a  f u n c t i o n  o f  C s i  and Csb and cannot  be 
i n c l u d e d  i n  t h e  mass t r a n s f e r  c o e f f i c i e n t .  S u b s t i t u t i n g  t h e  v a l u e  o f  
+ from Eq .  ( 5 )  i n  Eq .  (61, t h e  r a t e  o f  mass t r a n s f e r  i n  s i l a n e  p y r o l y s i s  
r e a c t o r s  can be expressed  a s  
For fluidized bed reactor systems the value of a' is expressed as 
where E is the void fraction in the fluidized bed and dp is the diameter 
of the particles in the reactor. The value of Kc can be obtained from 
empirical correlations. However, as Ceankoplis (Reference 4-11 points 
out, care should be exercised in using these correlations, as some 
of the experiments were not conducted with 4 = 1. In such instances, 
the value of 4 for the experimental conditions used in developing the 
correlations should be calculated and the true value of Kc obtained 
therefrom. 
If the mass transport is the rate-limiting step in the silicon 
CVD process, i.e., the mass transport is the slowest step, the concen- 
tration of silane at the substrate can be assumed to be zero (Csi = 0). 
Then, the rate of silicon CVD process can be determined from Eq. (7). 
SECTION V 
HETEROGENEOUS PYROLYSIS 
The t r a d i t i o n a l  approach t o  t h e  a n a l y s i s  o f  heterogeneous  k i n e t i c s ,  
u t i l i z i n g  Langmuir ls  t h e o r y  oP a d s o r p t i o n  and Hinschelwoodis t h e o r y  o f  
s u r f a c e  r e a c t i o n s ,  was developed i n  d e t a i l  by Hougen and Watson (Refe r -  
ence 1-1). The major assumpt ions  made i n  t h i s  approach a r e  ( 1 )  t h e  
r e a c t i o n  s u r f a c e  is e n e r g e t i c a l l y  uniform, i . e . ,  a l l  t h e  a c t i v e  c e n t e r s  
have t h e  same a c t i v i t y  f o r  a d s o r p t i o n ; . ( 2 )  t h e  amount adsorbed h a s  no 
e f f e c t  on t h e  r a t e  o f  a d s o r p t i o n  p e r  s i t e ;  i .e. ,  t h e r e  is no i n t e r a c t i o n  
between adsorbed molecules ;  (3 )  a l l  t h e  a d s o r p t i o n  o c c u r s  by t h e  same 
mechanism and each adsorbed complex h a s  t h e  same s t r u c t u r e ;  ( 4 )  t h e  
e x t e n t  o f  a d s o r p t i o n  is l e s s  t h a n  one complete monomolecular l a y e r  on 
t h e  s u r f a c e ;  ( 5 )  t h e  t o t a l  number o f  a c t i v e  s i t e s  is cor . s t an t ;  and 
( 6 )  one o f  t h e  s t e p s  i n  t h e  p r o c e s s  is  u s u a l l y  c o n t r o l l i n g  and t h e  
r e s t  occur  a t  e q u i l i b r i u m .  
The t h r e e  s t e p s  invo lved  i n  heterogeneous  decomposi t ion o f  s i l a n e  
a r e  a d s o r p t i o n  of s i l a n e  on t h e  s i l i c o n  s u b s t r a t e  (R6) ,  s u r f a c e  r e a c t i o n  
of s i l a n e  ($1, and d e s o r p t i o n  o f  hydrogen (Rg). Rate  e x p r e s s i o n s  f o r  
t h e  t h r e e  s t e p s  a r e  d e r i v e d  by t h e  Hougen-Watson p rocedure  and included 
i n  Tab le  5-1. Rate e q u a t i o n s  f o r  t h e  s u r f a c e  r e a c t i o n  and hydrogen 
d e s o r p t i o n  a r e  d i f f e r e n t  f o r  t h e  d i f f e r e n t  mechanisms o f  hydrogen adsorp-  
t i o n  ( m o l e c u l a r ,  a tomic  o r  none) .  S t o i c h i o m e t r i c  e q u a t i o n s  and e q u i l i b -  
rium c o n c e n t r a t i o n s  o f  adsorbed s p e c i e s  a r e  a l s o  inc luded  i n  Table  5-1. 
Overa l l  r a t e  e x p r e s s i o n s  f o r  heterogeneous  p y r o l y s i s  o f  s i l a n e  can 
e a s i l y  be d e r i v e d  i f  it is assumed t h a t  one o f  t h e  s t e p s  is r a t e  con- 
t r o l l i n g  and t h e  r e s t  o c c w  a t  e q u i l i b r i u m .  One u s e f u l  r e l a t i o n  i n  
d e r i v i n g  t h e  o v e r a l l  r a t e s  is Eq. (9 ) ,  i n  which 'Cmt r e p r e s e n t s  t h e  con- 
c e n t r a t i o n  of t o t a l  a c t i v e  s i t e s ,  ' C f  r e p r e s e n t s  t h e  c o n c e n t r a t i o n  o f  
- 
vacant  s i t e s ,  and rsi, Ch,  and Cs r e p r e s e n t  c o n c e n t r a t i o n s  o f  adsorbed 
s i l a n e ,  hydrogen and s i l i c o n :  
The o v e r a l l  r a t e s  ( r h p )  o f  heterogeneous  p y r o l y s i s  o f  s i l a n e  ar& 
der ived us ing  Eq. ( 9 )  and r a t e  e q u a t i o n s  and e q u i l i b r i u m   concentration^? 
given i n  Table  5-1. Equat ions  ( 1 0 )  through ( 1 7 )  a r e  t h e  rate e q u a t i o n s  
der ived wi th  one s t e p  assumed a s  t h e  c o n t r o l l i n g  s t e p .  























































































































S u r f a c e  r e a c t i o n  c o n t r o l l i n g ,  w i t h  molecular  hydrogen a d s o r p t i o n :  
Hydrogen d e s o r p t i o n  c o n t r o l l i n g ,  wi th  molecu la r  hydrogen a d s o r p t i o n :  
S i l a n e  a d s o r p t i o n  c o n t r o l l i n g ,  w i t h  atornix hydrogen a d s o r p t i o n :  
S u r f a c e  r e a c t i o n  c o n t r o l l i n g ,  w i t h  atomic hydrogen a d s o r p t i o n :  
Hydrogen d e s o r p t i o n  c o n t r o l l i n g ,  wi th  a tomic  hydrogen adsorp t ion :  
S i l a n e  a d s o r p t i o n  c o n t r o l l i n g ,  w i t h  no hydrogen a d s o r p t i o n :  
S u r f a c e  r e a c t i o n  c o n t r o l l i n g ,  wi th  no hydrogen a d s o r p t i o n :  
The o v e r a l l  r a t e  o f  heterogeneous  decomposi t ion o f  s i l a n e  can 
be  d e s c r i b e d  by one o f  t h e  e q u a t i o n s  ( 1 0 )  - ( 1 7 ) ,  depending on t h e  
c o n t r o l l i n g  s t e p .  If  a d s o r p t i o n ,  s u r f a c e  r e a c t i o n  and d e s o r p t i o n  a r e  
a l l  impor tan t ,  then  o v e r a l l  r a t e  a t  s t e a d y  s t a t e  c o n d i t i o n s  is g iven  
by t h e  r e l a t i o n :  
The c o n c e n t r a t i o n s  o f  adsorbed s i l a n e ,  s i l i c o n  and hydrogen can 
be e v a l u a t e d  from t h e  t h r e e  independent  e q u a t i o n s ,  i m p l i c i t  i n  t h e  
above r e l a t i o n .  Thus t h e  o v e r a l l  r a t e  o f  he te rogeneous  p y r o l y s i s  o f  
s i r a n e  can be expressed  i n  t e rms  o f  g a s  phase  c o n c e n t r a t i o n s  and t h e  
e q u i l i b r i u m  a d s o r p t i o n  c o e f f i c i e n t s .  The e q u i l i b r i u m  a d s o r p t i o n  coef -  
f i c i e n t s  can be  e v a l u a t e d  from independent a d s o r p t i o n  s t u d i e s .  S ince  
t h e  e q u i l i b r i u m  a d s o r p t i o n  c o n s t a n t s  and s p e c i f i c  rate c o e f f i c i e n t s  
a r e  a l l  f u n c t i o n s  o f  t empera tu re ,  a l a r g e  amount o f  k i n e t i c  d a t a  a t  
d i f f e r e n t  t e m p e r a t u r e s  w i l l  be n e c e s s a r y  t o  e v a l u a t e  a l l  t h e  e q u i l i b r i u m  
and r a t e  c o n s t a n t s  from k i n e t i c  d a t a  a l o n e .  An example o f  t h i s  t y p e  o f  
a n a l y s i s  is g i v e n  by Hougen and Watson (Refe rence  1-11 f o r  t h e  hydrogena- 
t i o n  o f  Codimer. A s  had been po in ted  o u t  by many i n v e s t i g a t o r s ,  i t  may 
be ex t remely  d i f f i c u l t ,  i f  n o t  imposs ib le ,  t o  de te rmine  t h e  mechanism 
and i d e n t i f y  t h e  r a t e - l i m i t i n g  s t e p  from k i n e t i c  d a t a  a l o n e .  Experimental  
k i n e t i c  d a t a  may f i t  e q u a l l y  w e l l  t o  more t h a n  one o v e r a l l  rate e x p r e s s i o n ,  
i f  a l l  t h e  e q u i l i b r i u m  and r a t e  c o n s t a n t s  a r e  d e r i v e d  from t h e  k i n e t i c  
d a t a .  Thus it is  very  impor tan t  t o  o b t a i n  t h e  e q u i l i b r i u m  a d s o r p t i o n  
c o n s t a n t  from independent  a d s o r p t i o n  s t u d i e s ,  i f  t h e ' r a t e  e q u a t i o n s  
a r e  t o  be used wi th  conf idence  i n  any modeling e f f o r t .  
The k i n e t i c  parameters  s t u d i e s  o f  a c t i v a t i o n  energy  and f requency 
f o r  t h e  o v e r a l l  he terogeneous  p y r o l y s i s  o f  s i l a n e  r e p o r t e d  i n  t h e  l i t e r a t u r e  
va ry  g r e a t l y .  Joyce and Bradley (Refe rence  1-9) r e p o r t e d  an a c t i v a t i o n  
energy o f  37 kcal /mole  f o r  t h e  e p i t a x i a l  CVD o f  s i l i c o n  on s i l i c o n  sub- 
t r a t e s  wi th  s u b s t r a t e  t empera tu res  i n  t h e  r a n g e  o f  920 - 1 2 6 0 " ~ .  They 
i n d i c a t e d  t h a t  mass t r a n s f e r  is t h e  r a t e - l i m i t i n g  s t e p  i n  t h e  t empera tu re  
range o f  1100 - 1 2 6 0 " ~  and t h a t  e i t h e r  chemisorp t ion ,  s u r f a c e  r e ? c t i o n  
o r  d e s o r p t i o n  is t h e  l i m i t i n g  s t e p  i n  t h e  temperat i i re  r ange  o f  950 
- 1 10o°C. T h e i r  exper iments  were c a r r i e d  o u t  a t  low s i l a n e  p r e s s u r e s  
( 2  mm Hg) t o  s u p p r e s s  homogeneous decomposi t ion.  They s p e c u l a t e d  that 
s u r f a c e  r e a c t i o n  o r  d e s o r p t i o n  o f  hydrogen is t h e  r a t e - l i m i t i n g  s t e p  
i n  t h e  low-temperature (950 - 1 1 0 0 ~ ~ )  range .  Henderson and Helm 
(Reference  1-81 r e p o r t e d  a n  a c t i v a t i o n  energy o f  20 kcal /mole  f o r  t h e  
growth o f  homoexi tax ia l  growth o f  s i l i c o n  on s i l i c o n  s u b s t r a t e s  u s i n g  
s i l a n e  p y r o l y s i s  a t  t empera tu res  o f  823 - 983°C and p r e s s u r e s  of 0.15 
v 
- 0.02 t o r r .  From an a n a l y s i s  o f  t h e i r  d a t a  t h e y  surmised t h a t  s u r f a c e  
chemical  r e a c t i o n  is t h e  c o n t r o l l i n g  s t e p ,  s i l a n e  is weakly adsorbed 
and hydrogen is n o t  adsorbed.  Farrow (Refe rence  1-7) r e p o r t e d  an a c t i -  
v a t i o n  energy  of 17 kcal/mole f o r  CVD o f  s i l i c o n  on s i l i c o n  s u b s t r a t e s  
and t h a t  h i s  d a t a  agreed w e l l  wi th  t h e  r e a c t i o n  mechanism proposed by 
Henderson and Helm (Reference  1-8). 
E v e r s t i y n  and Put (Reference  1-61 conducted t h e  CVD o f  s i l i c o n  
on s i l i c o n  s u b s t r a t e s  from t h e  p y r o l y s i s  o f  s i l a n e  a t  a tmospher ic  p r e s s u r e  
and a  t empera tu re  range o f  590 - 1050°C. They r e p o r t e d  an a c t i v a t i o n  
energy of 37 kcal /mole .  The d i f f e r e n c e s  i n  t h e  v a l u e s  o f  a c t i v a t i o n  
energy r e p o r t e d  a r e  g e n e r a l l y  a t t r i b u t e d  t o  i m p u r i t i e s  on t h e  s u b s t r a t e s  
and d i f f e r e n t  s u r f a c e  o r i e n t a t i o n s .  The r a t e  l i m i t i n g  s t e p  h a s  n o t  been 
e s t a b l i s h e d  c l e a r l y  i n  t h e  l i t e r a t u r e .  Exper imenta l  d a t a  a t  a tmospher ic  
p r e s s u r e  a r e  a l s o  very l i m i t e d .  It t h e r e f o r e  seems i m p e r a t i v e  t o  c a r r y  
ou t  an exper imenta l  program t o  (1)  o b t a i n  k i n e t i c  d a t a  on t h e  CVD o f  
s i l i c o n  from s i l a n e  p y r o l y s i s  a t  a tmospher ic  p r e s s u r e  and (2)  e s t a b l i s h  
t h e  r a t e - l i m i t i n g  s t e p  f o r  v a r i o u s  exper imenta l  c o n d i t i o n s .  
SECTION VI 
HOMOGENEOUS PYROLYSIS 
Homogeneous decomposition o f  s i l a n e  ( s t e p  R 1  i n  F igure  2-1) is  
a s imple  f i r s t - o r d e r  vapor phase py ro ly s i s  o f  s i l a n e .  The s to i ch iome t r i c  
equat ion can be wr i t t en  a s :  
The r a t e  o f  r e a c t i o n  r h  can be expressed a s  
Joyce and Bradley (Reference 1-9) repor ted  an  a c t i v a t i o n  energy o f  
51 kcal/mol.  Evers t iyn (Reference 1-5) reporced a va lue  o f  30 kcal/mol 
a f t e r  conducting ex tens ive  research  on vapor phase p y r o l y s i s  o f  s i l a n e  
i n  t h e  temperature  range o f  660 - 755"~. Eversteyn determined a l s o  
t h e  c r i t i c a l  concent ra t ions  of  s i l a n e  necessary  f o r  homogeneous r eac t i on  
i n  t h e  temperature  range 780 - 1136°C. This  c r i t i c a l  concent ra t ion  
decreased from a value of  0.248% at 780°C t o  a value o f  0.002% a t  1136'~. 
The logar i thm of t h e  c r i t i c a l  concent ra t ion  v a r i e s  l i n e a r l y  with t h e  
i nve r se  o f  t h e  temperature with an a c t i v a t i o n  energy o f  38 kcal/mol. 
Joyce and Bradley (Reference 1-9) repor ted  t h a t  homogeneous s i l a n e  
py ro ly s i s  can be t o t a l l y  suppressed i f  t h e  s i l a n e  p r e s su re  is  kept 
below 2 mm Hg. 
SECTION V I I  
HOMOGENEOUS NUCLEATION 
I n  t h e  absence o f  a l l  f o r e i g n  m a t e r i a l s  and s u r f a c e ,  vapor  
condensa t ion  is  blocked by an a c t i v a t i o n  f r e e  energy  b a r r i e r  which 
a r i s e s  from s u r f a c e  f r e e  energy i n c r e a s e s  r e s u l t i n g  from appearance 
o f  embryos o f  t h e  more condensed phase.  T h i s  can  be  s e e n  more c l e a r l y  
through f r e e  energy  c o n s i d e r a t i o n s .  I n  homogeneous n u c l e a t i o n  p r o c e s s e s  
( s t e p  R2 i n  F i g u r e  3-1) i t  is necessa ry  t o  go t o  h i g h e r  s u p e r  s a t u r a t i ~ n s  
t o  g e t  over  t h e  f r e e  energy b a r r i e r .  The e x c e s s  f r e e  energy  o f  a vapor 
a t  a s u p e r s a t u r a t e d  p r e s s u r e  p over  t h a t  o f  a l i q u i d  a t  t h e  same temper- 
a t u r e  T i s  g iven  by t h e  r e l a t i o n  
where Af' is t h e  e x c e s s  f ~ e e  nergy p e r  gram, R i s  t h e  g a s  c o n s t a n t  
p e r  gram o f  vapor ,  and p is  t h e  s a t u r a t i o n  vapor  p r e s s u r e  a t  t empera tu re  
T.  T h i s  Af w i l l  be t h e  d e c r e a s e  i n  t h e  system f r e e  energy  a s  an  smbryonic 
d r o p l e t  is  formed. A t  t h e  same t ime t h e r e  w i l l  be a fret!  energy i n c r e a s e  
a s s o c i a t e d  w i t h  t h e  embryo's s u r f a c e  f r e e  energy,  which c s n  be w r i t t e n  
as ( 4 / 3 ) ~ r r 3 r ,  where r is  t h e  r a d i u s  o f  t h e  embryo and a. i s  t h e  s p e c i f i c  
s u r f a c e  f r e e  energy (ergs/cm2).  The phase  t r a n s i t i o n  c a n  occur  o n l y  
through drop-wise condensa t ion  ( a s  a l l  f o r e i g n  m a t e r i a l s  a r e  a b s e n t ) .  
Thus t h e  f r e e  energy d e c r e a s e  by phase t r a n s i t i o n  i s  dependent on t h e  
volume o f  t h e  embryo and can be  w r i t t e n  as ( 4 / 3 ) ~ r r 3  PRT I n  S ,  where 
P i s  t h e  d y i t y  o f  t h e  condensed phase  and S is  t h e  s u p e r s a t u r a t i o n  
r a t i o  ( p / p  1. Thus t h e  n e t  f r e e  energy change f o r  embryo fo rmat ion  
can 5e  shown t o  be 
The f r e e  energy change h a s  t o  be n e g a t i v e  f o r  s u c c e s s f u l  vapor  condensa t ion .  
A t  s u p e r s a t u r a t i o n  r a t i o s  of  1 and < 1 A F  i s  always p o s i t i v e  and 
phase t r a n s f e r  does  n o t  occur .  However, a s  S i n c r e a s e s ,  AF goes  through 
a maximum. T h i s  is  t h e  maximum f r e e  energy ba r r i e i -  bF*) t o  be surmounted 
f o r  vapor condensa t ion  ( F i g u r e  7-11, 
Invok ing  t h e  b a s i c  p r i n c i p l e  t h a t  any p r o c e s s  i n  which AF d e c r e a s e s  
is a spontaneous  p rocess ,  we can s e e  t h a t  i f ,  by any means, t h e  embryo 
can r e a c h  t h e  maximum AF, t h e  s l i g h t e s t  a d d i t i o n a l  condensa t iona l  growth 
of  t h e  embryo beyond t h e  s i z e  a s s o c i a t e d  wi th  t h e  maximum AF should  
l e a d  t o  i r r e v e r s i b l e  growth of  t h e  embryo from s u p e r s a t u r a t e d  vapor.  
Thus t h e  r a d i u s  of  t h e  enibryo r f o r  which AF a t t a i n s  i t s  maximum w i l l  
be a c r i t i c a l  embryo r a d i u s  f o r  whatever S v a l u e  p r e s e n t .  T h i s  c r i t i c a l  
r a d i u s  can be  o b t a i n e d  by d i f f e r e n t i a t i n g  Eq .  (19)  w i t h  r e s p e c t  t o  
r a t  c o n s t a n t  T and S and s e t t i n g  t h e  a b F ) / a r  e q u a l  t o  z e r o  and t h e n  
s o l v i n g  f o r  r *  ( c r i t i c a l  r a d i u s ) .  
F i g u r e  7-1. F r e e  Energy of Formation o f  J r i t i c a l  Nucle i  
T h i s  r *  is  t h e  r a d i u s  of t h e  embryo t h a t  is e s s e n t i a l  f o r  vapor conden- 
s a t i o n  a t  t empera tu re  T and s u p e r s a t u r a t i c n  S. Thus r* i s  t h e  s m a l l e s t  
d iamete r  of t h e  condensed phase.  Tke g * ,  t h e  number o f  molecules  o r  
atoms i n  an  embryo o f  c r i t i c a l  r a d i u s  r*, is  g iven  by t h e  r e l a t i o n  
( ( 4 / 3 ) ~ r r 3 ~  = gm) where m i s  t h e  mass o f  1 molecule ,  
So  f a r ,  c o n s i d e r a t i o n  o f  t h e  thermodynamic a s p e c t s  o f  n u c l e a t i o n  phenomena 
h a s  c r e a t e d  a paradox.  The s u p e r s a t u r a t e d  vapor  i s  i n  a m e t a s t a b l e  
s t a t e  because  i t s  s p e c i f i c  f r e e  energy exceeds ,  by t h e  f i n i t e  amount, 
RT I n  S, t h a t  of  condensed phase a t  t h e  same t empera tu re .  However, 
i t  cantiot jump t o  t h e  p r e f e r r e d  lower f r e e  energy s t a t e  because t h a t  
jump can o n l y  proceed v i a  format ion of t i n y  d r o p s ,  beginning wi th  c l u s t e r s  
o f  two, t h r e e ,  f o u r  molecules ,  e t c .  Tb- growth of  such embryos o f  t h e  
new phase c a r r i e s  t h e  system up t o  states where t h e  t o t a l  f r e e  e r d r g y  o f  
t h e  system h a s  r i s e n  more by c r e a t i o n  o: new s u r f a c e  f r e e  energy o f  t h e  
embryonic d rops  t h a n  it h a s  f a l l e n  by v i r t u e  of t h e  b u l k  f r e e  energy 
change accompanying t h e  phase t r a n s i t i o n  t h a t  produced t h e s e  drops .  
That  i s ,  phase t r a n s i t i o n  i s  always,  i n  t h e  homogeneous c a s e ,  blocked 
by an a c t i v a t i o n  energy b a r r i e r .  
T h i s  b a r r i e r  can be overcome o n l y  by r a i s i n g  S h i g h  enoush,  which 
w i l l  lower t h e  AF* and t h e  r* t h a t  must be exceeded i n  o r d e r  t h a t  t h e  
system w i l l  spontaneously  s h i f t  t o  t h e  p r e f e r ~ e d  condensed phase .  
Even a t  s u b s a t u r a t i o n s  ( S < 1 ) ,  t h e r e  e x i s t s ,  a s  a s t e a d y - s t a t e  p o p u l a t i o n ,  
a d i s t r i b u t i o n  o f  embryos s a t i s f y i n g  a Boltzmann-type r e l a t i o n :  
i n  which ng i s  t h e  number of c l u s t e r s  of g  molecules  and AF is i n  f te rms of  l g ' ;  k i s  t h e  Boltzmann c o n s t a n t .  If r a r e  f l u c t u a . . i ~ n  phenomena 
can,  even at S<1, s u p p o r t  such a  popu la t ion  o f  molecular  c l u s t e r s ,  
then when S r i s e s  above u n i t y ,  s u r e l y  a  g e n e r a l  i n c r e a s e  i n  t h a t  popula- 
t i o n  is  expected a t  a l l  g. Thus, f o r  some l a r g e  S (S  x 5 , 6 )  i t  can 
be expected t o  r e a c h  a p o i n t  where f l u c t u a t i o n s  can send some embryos 
over  t h e  t o p  of  t h e  energy b a r r i e r  whereupon t h e  s u p e r c r i t i c a l  embryos 
can subsequen t ly  grow wi thou t  l i m i t  u n t i l  t h e  vapor p r e s s u r e  is p u l l e d  
from p  down t o  p 1  and t h e  system i s  thermodynamically s t a b i l i z e d .  
S u b s t i t u t i n g  Eq. (20)  f o r  r* i n  Eq .  (191,  t h e  f r e e  energy b a r r i e r  t o  
be surmounted f o r  t h e  format ion of  c r i t i c a l  embryos o f  s i z e  re i s  
ob ta ined  : 
H i r t h  and Pound (Reference  1-31 enumerated t h e  c i a s s i c a l  n u c l e a t i o n  
theory  o f  Volmer and Weber, i n  which t h e  r a t e  of  n u c l e a t i o n  is  formulated 
i n  terms of  e q u i l i b r i u m  popu la t ion  c r i t i c a l  embryos n g ,  s u r f a c e  a r e a  
of embryos A and an impingement f requency f a c t o r  o. Volmer and Weberls  
equa t ion  f o r  homogeneous n u c l e a t i o n  r a t e  is  
J = Awn* 
g .  
where A = 4nra2,  w = a c p / ( 2 v m k ~ ) 1 / 2  and n  * i s  given by Eq. ( 2 2 ) .  
S u b s t i t u t i n g  t h e s e  e x p r e s s i o n s  i n  Eq. (247, we o b t a i n  
where ac i s  t h e  condensa t ion  c o e f f i c i e n t  f o r  molecules  impinging on 
t h e  c r i t i c a l  embryos. 
H i r t h  and Pound (Reference  1-3) a l s o  d e s c r i b e d  a ref inement  of  
Volmer and Weber's t h e o r y  by Becker and Doering and Zeldovich.  I n  t h e  
r e f i n e d  t r e a t m e n t ,  i n s t e a d  of  us ing  e q u i l i b r i u m  c o n c e n t r a t i o n s  t h e  
a c t u a l  s t e a d y - s t a t e  c o n c e n t r a t i o n s  of  c r i t i c a l  n u c l e i  were c a l c u l a t e d  
by c o n s i d e r i n g  t h e  changes i n  c l u s t e r  s i z e  by t h e  a d d i t i o n  and removal 
of  a molecule.  Th i s  e l e g a n t  approach r e s u l t e d  i n  t h e  i n c o r p o r a t i o n  
of an a d d i t i o n a l  term Z ' ,  t h e  s o  c a l l e d  nonequ i l ib r ium f a c t o r ,  i n t o  
Eq. (24) .  The r e f i n e d  e x p r e s s i o n  f o r  homogeneous n u c l e a t i o n  r a t e  then  
becomes, 
where 
S u b s t i t u t i n g  Eq. (20)  f o r  r* and n o t i n g  t h a t  p  = nk.', Eq. (26) can 
be s i m p l i f i e d  t o  y i e l d  
McDonald (Reference  7-11, i n  a similar t r e a t m e n t ,  c o n s i d e r i n 3  t h e  
r a t e  of  growth and decay o f  c r i t i c a l  embryos, a r r i v e d  a t  a  homogeneous 
n u c l e a t i o n  rate e x p r e s s i o n  i d e n t i c a l  t o  Eq. (27) .  The i n h e r e n t  f a l l a c y  
i n  Eq. ( 2 7 )  a r i s e s  from a s s i g n i n g  macroscopic thermodynamic p r o p e r t i e s  
t o  microscopic  embryos. Many c o r r e c t i o n s  have been proposed i n  t h e  lit- 
e r a t u r e  t o  c o r r e c t  t h i s  problem. For t h i s  r e a s o n ,  f o r  c r i t i c a l  embryos 
i n  t h e  s i z e  range 1 < g* <50 a  d i f f e r e n t  s t a t i s t i c a l  mechanical  model should  
be used i n  p l a c e  o f  Eq.  (27) .  Lothe and Pound (Reference  7-2) sugges ted  
ano the r  c o r r e c t i o n  f a c t o r  t o  Eq. (27)  t o  t a k e  i n t o  account  t h e  con t r ibu-  
t i o n s  of  molecular  en t ropy  o f  mixing o f  s m a l l  c l u s t e r s  wi th  monomer, 
r o t a t i o n a l  and v i b r a t i o n a l  f r e e  e n e r g i e s  o f  i n i t i a l  embryos t o  t h e  f r e e  
energy o f  fo rmat ion  o f  c r i t i c a l  embryos. However, a l l  t h e s e  c o r r e c t i o n s  
can be t a k e n  c a r e  o f  by a s s i g n i n g  a v a l u e  s u f f i c i e n t l y  l e s s  t h a n  u n i t y  
t o  t h e  condensa t ion  c o e f f i c i e n t  a,. Equation (27)  i s  s t r i c t l y  a p p l i c a b l e  
t o  n u c l e a t i o n  o f  d r o p l e t s  from unary vapors .  It had been r e p o r t e d  i n  
t h e  l i t e r a t u r e  t h a t  t h e  same equa t ion  can be a p p l i e d  t o  n u c l e a t i o n  o f  
c r y s t a l l i t e s  from both  unary  and bins-ry vapor  wi th  p roper  m o d i f i c a t i o n s  
t o  a, o r  e f f e c t i v e  s u p e r s a t u r a t i o n  r a t i o .  
SECTION V I I I  
HETEROGENEOUS NUCLEATION 
Heterogeneous n u c l e a t i o n  ( s t e p  R10 i n  F i g u r e  2-1) i s  t h e  p r o c e s s  
by which t h e  adsorbed s i l i c o n  atoms on t h e  s i ~ b s t r a t e  a r e  i n c o r p o r a t e d  
i n  t h e  s i l i c o n  d e p o s i t .  The thermodynamics of  he te rogeneous  n u c l e a t i o n  
is  v3ry s i m i l a r  t o  t h a t  o f  homogeneous n u c l e a t i o n .  The added parameter  
is t h e  e q u i l i b r i u m  c o n t a c t  a n g l e  o f  t h e  n u c l e i .  A s chemat ic  model 
of n u c l e a t i o n  of  a s p h e r i c a l  cap-shaped nuc leus  on a s o l i d  s u b s t r a t e  
i:~ shown i n  F i g u r e  8-1 . 
The f r e e  energy  of  format ion of a s p h e r i c a l  cap-shaped nuc leus  
c o n s i s t s  o f  two terms:  t h e  bu lk  f r e e  energy change AFb and s u r f a c e  
f r e e  energy change AF,. 
(2 + cos  8 )  (1  - c o s  812 
X ( 9 )  = I--- -----------------, 
4 
w h e r e X ( 8 )  is  a geomet r i c  f a c t o r  r e l a t i n g  t h e  volume of  a s p h e r i c a l  
cap t o  t h a t  of  a  s p h e r e  o f  r a d i u s  r ,  and 8  is  t h e  e q u i l i b r i u m  c o n t a c t  
a n g l e  determined by t h e  s u r f a c e  f r e e  energy  e q u i l i b r i u m .  
F i g u r e  8-1. S p h e r i c a l  Cap-Shaped Nucleus 
and where us,v, uC,, and uC-,, a r e  t h e  s p e c i f i c  i n t e r f a c i a l  f r e e  e n e r q i e s  
o f  t h e  s u b s t r a t e  vapor ,  condensa te - subs t ra te ,  and condensate-vapor 
i n t e r f a c i n g ,  r e s p e c t i v e l y .  The s u r f a c e  f r e e  energy  term i s  given by 
T h ~ e f o r e ,  t h e  t o t a l  f r e e  energy change a s s o c i a t e d  wi th  t h e  format ion 
o f  n u c l e i  is 
The v a r i a t i o n  o f  t h e  f r e e  energy change wi th  r is v e r y  s i m i l a r  t o  t h a t  
f o r  t h e  homogeneous n u c l e a t i o n ,  a s  shown i n  F igure  7-1, and p a s s e s  
through a maximum corresponding t o  t h e  c r i t i c a l  n u c l e i  r a d i u s  r*. 
The v a l u e  o f  t h i s  r* can be  found by maximizing AF wi th  r e s p e c t  t o  
r ,  and r* i s  found t o  be: 
and 
By comparing Eqs. (34)  and (35) wi th  Eqs. (20)  and ( 2 3 ) ,  i t  can be 
r e a d i l y  observed t h a t  t h e  r a d i u s  of c r i t i c a l  nuc leus  is t h e  same i n  
both homogeneous and heterogeneous  c a s e s ,  but  t h e  c r i t i c a l  f r e e  energy 
change i n  t h e  heterogeneous  c a s e  i s  dependent on t h e  c o n t a c t  a n g l e  8 .  
I f  t h e  c o n t a c t  a n g l e  8 is ze ro  (X(8) = 0, complete w e t t i n g  o f  t h e  sub- 
s t r a t e  by t h e  c o n d e n s a t e ) , A F *  is ze ro  and n u c l e a t i o n  is  most r a p i d .  
I f  8 is e q u a l  t o  180 deg,  corresponding t o  no w e t t i n g  o f  w a l l  a t  a l l ,  
X(8) = 1 and Eq. (35) r educes  t o  Eq. ( 2 3 ) ,  t h e  e x p r e s s i o n  f o r  homogeneous 
n u c l e a t i o n .  T h i s  i s  t h e  l i m i t i n g  c a s e  i n  which t h e  s u b s t r a t e  has  n e g l i -  
g i b l e  potency a s  a n u c l e a t i o n  c a t a l y s t .  
Heterogeneous n u c l e a t i o n  k i n e t i c s  a r e  formulated much t h e  same 
way a s  homogeneous n u c l e a t i o n  k i n e t i c s  and t h e  r a t e  o f  n u c l e a t i o n  is 
given by 
where n* is t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  o f  c r i t i c a l  n u c l e i ,  w is t h e  
f requency wi th  which a s i n g l e  atom j o i n s  a c r i t i c a l  nuc leus  and Z' is 
a nonequ i l ib r ium (Ze ldov ich)  f a c t o r  t o  account  f o r  t h e  s t e a d y - s t a t e  
growth o r  decay o f  c l u s t e r s  by a d d i t i o n  and removal o f  s i n g l e  atoms. 
The a d d i t i o n  o f  s i n g l e  atoms t o  c r i t i c a l  n u c l e u s  can occur  e i t h e r  by 
d i r e c t  a d s o r p t i o n  from vapor o r  by s u r f a c e  d i f f u s i o n  o f  adsorbed atoms. 
However, it is be l i eved  th:it t h e  s u r f a c e  d i f f u s i o n  i s  t h e  more predominant 
p rocess .  
H i r t h  and Pound ( ~ e f e r e n c e  7-31 c i t e  t h e  work o f  Pound e t  a l . ,  
which shows t h a t  s u r f a c e  d i f f u s i o n  proceeds  more r a p i d l y  t h a n  d i r e c t  
a d s o r p t i o n  from vapor by a f a c t o r  o f  
exp [(AF4 - F * , ~ ) / ~ T ]  
des  
T h e r e f o r e ,  based on t h e  premise t h a t  s u r f a c e  d i f f u s i o n  is  t h e  predominant 
p rocess ,  w i s  g iven  by t h e  express ion :  
- 
w = CS2.rrrfa s i n  8 w exp 
- 
where (CS2.rrrd a s i n  8 )  i s  t h e  p r o b a b i l i t y  t h a t  an  adatom is  a d j a c e n t  
t o  a c r i t i c a l  embryo and 
is a f requency  wi th  which an a d j a c e n t  adatom w i l l  jump t o  j o i n  a c r i t i c a l  
nuc leus .  The nonequil ibriurn c o r r e c t i o n  f o r  t h e  c a s e  o f  heterogeneous  
n u c l e a t i o n  on a s u b s t r a t e  i s  given by: 
and s u b s t i t u t i n g  Eqs. (371, (38)  and ( 3 9 )  i n  Eq. (36)  and s i m p l i f y i n g ,  
we o b t a i n :  




In Eq. (401, Cs is the concentration of adsorbed silicon 
concentration. Referring Lo Figure 2-1, silicon may be adsorbed either 
from vapor phase (step R ~ )  or through the decomposition of silane on 
the substrate (step Rg). Thus the concentration of adsorbed silicon 
will be determined either by the adsorption-desorption rates of silicon 
or by the heterogeneoys pyrolysis of silane. 
For the adsor~tion of s& . . m: 
at equllibrium, ra = 6 and Fs = ksCSCv. If silicon is deposited through 
pyrolysis of silane, the concentration of adsorbed silicon will be 
equal to the concentration of silane molecules reacted. 
If the adsorption of silane, reaction of silane and desorption of hydrogen 
are all at equilibrium, 
- - 
Csi = 0, Ch = Kh2CvCh2 (molecular hydrogen adsorption) 
= K c v  & (atomic hydrogen adsorption) 
= 0 (no hydrogen adsorption) 
SECTION I X  
CRYSTAL GROWTH 
The mechanism of  c r y s t a l  growth c o n s i s t s  o f  a d s o r p t i o n  of monomer 
on to  a low-index f a c e t ,  s u r f a c e  d i f f u s i o n  t o  a  l e d g e ,  a s s o c i a t i o n  t o  
t h e  l e d g e ,  d i f f u s i o n  a long  t h e  l e d g e ,  and i n c o r p o r a t i o n  i n t o  t h e  c r y s t a l  
a t  a kink s i t e .  I n  c r y s t a l  growth, l e d g e s  may be formed uhen two nuc lea ted  
c r y s t a l l i t e s  impinge upon one ano ther  o r  when a c r y s t a l l i t e  is  nuc lea ted  
i n  a s u b s t r a t e .  The i d e a l  growth r a t e  J, w i l l  be  given by t h e  d i f f e r e n c e  
. between g r o s s  f l u x  i n c i d e n t  on f h e  growin s u r f a c e  f p / ( 2 n M ~ ~ )  and 
t h e  g r o s s  r e e v a p o r a t i o n  f l u x  f p  /(2nMRT) lY2. D e v i a t i o n s  from i d e a l i t y  
a r e  accounted f o r  by i n t r o d u c t i o n  of a  condensat ion c o e f f i c i e n t  ac. 
Thus t h e  growth r a t e  is given by t h e  modified Hertz-Knudsen equa t ion  
The growth k i n e t i c s  w i l l  now be desc r ibed  f o r  t h r e e  d i f f e r e n t  c a s e s  
i n  which s i l i c o n  adatoms a r e  genera ted  by (1)  d i r e c t  a d s o r p t i o n  of 
s i l i c o n  from vapor phase ( s t e p  R 7 ) ,  ( 2 )  d i s s o ~ i a t i o n  o f  adsorbed s i l a n e  
( s t e p  Rg), o r  (3 )  d i s s o c i a t i o n  o f  s i l a n e  al: l e d g e s  ( s t e p  R ~ ) .  
A .  DIRECT ADSORPTION FROM VAPOR PHASE 
I n  t h i s  c a s e ,  t h e  c o n t i n u i t y  e q u a t i o n  f o r  adsorbed s i l i c o n  i s  
given by 
and !;he condensat ion c o e f f i c i e n t  ac is  
- a C  - - = - t anh  - 
N s e  A fi! 
where Ns  and Nse a r e  t h e  average and equ i l ib r ium c o n c e n t r a t i o n s  of 
adsorbed s i l i c o n ,  h i s  t h e  mean spac ing  between l e d g e s ,  and X i s  t h e  
, rms d i s t a n c e  t h a t  an adsorbed s i l i c o n  may d i f f u s e  be fore  r e e v a p o r a t i n s ,  
and g iven  by 
At low supersaturations is given by 
At higher supersaturations, above a critical pYfessure given in 
Eq. (45) with ;< = 3*F, A is given by 
At still higher supersaturation the nucleation of adsorbed silicon 
becomes su rapid that xj;.<< and ac becomes unity. Therefore, sub- 
stituting the proper expression for and Eq. (43) in Eq. (42) will 
yielc the expression for growth rate. 
B. DISSOCIATION OF ADSORBED SILANE 
For this case, Eq. (42) will be replaced by: 
ades 8 2 ~ s  
Nsirs - Ns w exp - ( R ) =(D' F) 
Where Nsi is the concentration of adsorbed silane and rs is the rate 
coefficient for silane decomposition. 
ac is still determined by Eq. (431, but (p/p') should be replaced by 
equivalent supersaturation ratio for this case. 
* 
C. DISSOCIATION OF SILANE AT LEDGES 
In this case the silicon atoms produced from dissociation of 
silane are directly incorporated in the crystal, and Eq. (42) will 
be replaced by 
I n  t h i s  equa t ionAFdes ,  M ,  and DS refer t o  p r o p e r t i e s  o f  s i l a n e .  
Equa t ions  ( 4 1  ) o r  (43)  st i l l  de te rmine  t h e  growth r a t e  w i t h  r e f e r r i n g  
t o  t h e  d i f f u s i o n  d i s t a n c e  f o r  adsorbed s i l a n e .  
SECTION X 
GLOBAL RATE OF SILICON CVD (CONCLUSIONS) 
Rate e x p r e s s i o n s  f o r  t h e  i n d i v i d u a l  s t e p s  invo lved  i n  t h e  chemical  
vapor d e p o s i t i o n  of  s i l i c o n  have been developed.  These e q u a t i o n s  can 
be u s e f u l  i n  two d i s t i n c t  a r e a s .  If t h e  c x a c t  mechanism of s i l i c o n  
CVD and t h e  numerical  va lues  of  a l l  t h e  c o e f f i c i e n t s  and c o n s t a n t s  
invo lved  i n  t h e  a p p r o p r i a t e  r a t e  equa t ion  a r e  known, t h e  g l o b a l  r a t e  
o f  s i l i c o n  CVD can be determined.  The r a t e - l i m i t i n g  s t e p  o r  s t e p s  
can a l s o  be determined from t h i s  in fo rmat ion .  A l t e r n a t i v e l y ,  t h e  r a t e  
e x p r e s s i o n s  can k~e used t o  e v a l u a t e  t h e  c o n s t a n t s ,  de termine t h e  r a t e -  
l i m i t i n g  s t e p s  and fo rmula te  t h e  mechanism of  s i l i c o n  CVD from exper imenta l  
k i n e t i c  d a t a  on s i l i c o n  CVD. The f i r s t  a r e a  is  modeling and s i m u l a t i o n  
of  t h e  s i l i c o n  CVD p r o c e s s ,  and t h e  second a r e a  i s  b a s i c  r e s e a r c h  t o  
determine t h e  mechanism of s i l i c o n  CVD. 
It is  e s s e n t i a l  t o  know t h e  exac t  mechanism of  t h e  CVD p r o c e s s  
t o  d e r i v e  t h e  g l o b a l  r a t e  of s i l i c o n  CVD. Pub l i shed  l i t e r a t u r e  does 
n o t  make i t  c l e a r  a s  t o  t h e  mechanism. Any mechanism of  s i l i c o n  CVD 
s h a l l  c o n s i s t  of f o u r  b a s i c  s t e p s :  ( 1 )  mass t r a n s p o r t  of  s i l a n e ,  
( 2 )  p y r o l y s i s  of s i l a n e ,  (3)  n u c l e a t i o n  of s i l i c o n ,  and ( 4 )  c r y s t a l  
growth. Rate of mass t r a n s p o r t  i s  uniquely  g iven  by Eq. 7. The mass 
t r a n s f e r  c o e f f i c i e n t  is  a  f u n c t i o n  of f low c o n d i t i o n s  and r e a c t o r  geometry. 
Empi r i ca l  c o r r e l a t i o n s  a r e  a v a i l a b l e  t o  e v a l u a t e  t h e  mass t r a n s f e r  
c o e f f i c i e n t  f o r  many d i f f e r e n t  r e a c t o r s .  Mass t r a n s p o r t  i s  r e p o r t e d  
t o  be t h e  l i m i t i n g  s t e p  i n  s i l i c o n  CVP a t  t e m p e r a t u r e s  above 1 0 5 0 ~ C .  
P y r o l y s i s  of s i l a n e  and n u c l e a t i o n  of s i l i c o n  a r e  r e p o r t e d  t o  occur 
by homogeneous and heterogeneous  p rocesses .  The heterogeneous  p r o c e s s ,  
however, is  b e l i e v e d  t o  be t h e  dominant p rocess  i n  s i l i c o n  CVD. Reported 
l i t e r a t u r e  i n d i c a t e s  t h a t  s u r f a c e  r e a c t i o n  (Eq. 11)  i s  t h e  r a t e - l i m i t i n g  
s t e p  i n  heterogeneous  p y r o l y s i s .  Heterogeneous n u c l e a t i o n  rate i s  
g iven  by Eq. ( 4 0 ) ,  C r y s t a l  growth f o r  t h e  heterogeneous  p r o c e s s  can 
occur  e i t h e r  thrcugh d i s s o c i a t i o n  of s i l a n e  molecules  adsorbed on l e d g e s  
(Eq. 49)  o r  through s u r f a c e  d i f f u s i o n  of  adsorbed s i l i c o n  atoms t o  
l e d g e s  (Eq. 48) .  It is g e n e r a l l y  be l i eved  t h a t  growth by s u r f a c e  d i f f u s i o n  
is  t h e  more predominant p rocess .  
For t h e  homogeneous p r o c e s s ,  t h e  p y r o l y s i s  of  s i l a n e  is  given 
by Eq. (18) ;  t h e  n u c l e a t i o n  i s  given by Eq. (271,  and c r y s t a l  growth 
is  given by Eq. (42) .  Thus we have two competing mechanisms, homogeneous 
and heterogeneol.;, f o r  t h e  chemical  vapor d e p o s i t i o n  of s i l i c o n .  These 
mechanisms should  n o t  be cons t rued  a s  r e a l  mechanisms of  s i l i c o n  CVD 
bu t  only  a s  examples t o  i l l u s t r a t e  t h e  d e r i v a t i o n  of g l o b a l  r a t e  of  
s i l i c o n  CVD. 
Consider t h e  heterogeneous  mechanism. The f o u r  s t e p s  invo lved  i n  
t h i s  mechanism a r e  (1 )  mass t r a n s p o r t  of  s i l a n e ,  d e s c r i b e d  by r a t e  expres-  
s i o n  (Eq. 7 ) ,  (2)  heterogeneous  p y r o l y s i s  wi th  s u r f a c e  r e l a t i o n  a s  t h e  
r a t e - l i m i t i n g  s t e p  (Eq. 1 1 ) ,  (3)  heterogeneous  n u c l e a t i o n  (Eq. 401, 
and ( 4 )  c r y s t a l  growth by s u r f a c e  d i f f u s i o n  o f  adsorbed s i l i c o n  (Eq. 4 8 ) .  
The r a t e s  of  t h e s e  f o u r  s t e p s  can now be c a l c u l a t e d  f o r  g iven bulk  vapor  
phase  c o n c e n t r a t i o n s  of  s i l a n e  and hydrogen, t e m p e r a t u r e s  of s u b s t r a t e  
and vapor  phase ,  and r e a c t o r  p r e s s u r e .  b u m e r i c a l  v a l u e s  o f  v a r i o u s  
c o e f f i c i e n t s  and c o n s t a n t s  a r e  e i t h e r  t o  be t a k e n  as r e p o r t e d  i n  t h e  
l i t e r a t u r e  o r  e s t i m a t e d .  Expe r imen ta l  d a t a  on n u c l e a t i o n  and growth  
a r e  l a c k i n g .  I f  one  o f  t h e  s t e p s  is p a r t i c u l a r l y  s low ( e . g . ,  by an  
o r d e r  o f  m a g n i t u d e ) ,  t h a t  c a n  be d e s i g n a t e d  as t h e  r a t e - l i m i t i n g  s t e p  
and t h e  r e m a i n i n g  t h r e e  s t e p s  can  be assumed t o  o c c u r  a t  e q u i l i b r i u m  
c o n d i t i o n s  ( i . e . ,  h i g h e s t  p o s s i b l e  r a t e s ) .  The rate o f  t h e  l i m i t i n g  
s t e p  w i l l  t h e n  be  t h e  g l o b a l  rate. Fo r  d e t a i l s  o f  t h i s  t y p e  o f  a n a l y s i s  
one  shou ld  r e f e r  t o  Smi th  ( R e f e r e n c e  1-2) o r  Hougen and Watson (Re fe r -  
ence  1-21. T h i s  i s  t h e  same t y p e  o f  p r o c e d u r e  we f o l l o w e d  i n  d e r i v i n g  
o v e r a l l  rate e q u a t i o n s  f o r  h e t e r o g e n e o u s  p y r o l y s i s  o f  s i l a n e .  Thus 
t h e  two b a s i c  e l e m e n t s  needed t o  u s e  t h e  r a t e  e x p r e s s i o n s  d e r i v e d  i n  
t h i s  r e p o r t  t o  f o r m u l a t e  t h e  g l o b a l  r a t e  o f  s i l i c o n  CVD a r e  (1) t h e  
e x a c t  mechanism o f  s i l i c o n  CVD and ( 2 )  n u m e r i c a l  v a l u e s  f o r  t h e  v a r i o u s  
c o n s t a n t s  i n v o l v e d  i n  t h e  rate e x p r e s s i o n s .  The r a t e  e x p r e s s i o n s  w i l l  
a l s o  be u s e f u l  i n  a n a l y z i n g  e x p e r i m e n t a l  d a t a  on mass t r a n s p o r t  of 
s i l a n e ,  p y r o l y s i s  o f  s i l a n e  and n u c l e a t i o n  and growth  o f  s i l i c o n  c r y s t a l s  
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